The lipid composition of five parasitic and six saprophytic leptospires was compared. Lipids comprise 18 to 26% of the dry weight of the cells after chloroformmethanol extraction. No residual (bound) lipid was found after acid or alkaline hydrolysis of the extracted residue. The total lipid was composed of 60 to 70'-phospholipid, and the remaining lipid was free fatty acids. The phospholipid fraction contained phosphatidylethanolamine as the major component, and phosphatidylglycerol and diphosphatidylglycerol were minor components with traces of lysophatidylethanolamine sometimes found. The major fatty acids of leptospires were hexadecanoic, hexadecenoic, and octadecenoic acids. Both the unusual cis-11-hexadecenoic acid and the more common cis-9-hexadecenoic acid were synthesized by the leptospires. Neither the parasitic nor the saprophytic leptospires can chain elongate fatty acids. However, they were capable of 3-oxidation of fatty acids. Both groups of leptospires desaturate fatty acids by an aerobic pathway. When the parasite canicola was cultivated on octadecanoic acid, 87% of the hexadecenoic acid was the 11 isomer, whereas the saprophyte semeranga consisted of 10%,o of this isomer. In addition, the saprophytic leptospires contained more tetradecanoic acid than the parasites. No differences were observed in the lipid composition of virulent and avirulent strains of canicola. tion of virulent and avirulent leptospires, and (iii) the effect of variations in fatty acid content of culture medium upon lipid composition.
The genus Leptospira is commonly divided into two complexes. The parasitic complex contains leptospires which have been isolated from man and animals. The saprophytic complex consists primarily of leptospires isolated from soil or water which have not been demonstrated to be infective for experimental animals. Leptospires of both complexes, with perhaps one or two exceptions, require fatty acids which contain at least 15 carbon atoms (9; unpublished data) or long chain fatty alcohols (T. Auran and R. C. Johnson, Bacteriol. Proc., p. 27, 1968) as their major carbon and energy source. Growth on shorter chain fatty acids will occur if a long chain fatty acid is provided (9) . The parasitic leptospires ballum and canicola contain an unusual positional isomer, cis-11-hexadecenoic acid, as a major lipid component (12, 18) . Leptospires of both complexes have a high (16 to 20 % of dry weight) lipid content (6; M. J. Allison and 0. H. V. Stalheim, Bacteriol. Proc., p. 78, 1965) .
Since lipids play a major role both in the nutrition and cellular composition, a study was undertaken to determine the following: (i) differences in lipid composition of parasitic and saprophytic leptospires, (ii) differences in lipid composi-I Present address: University of Minnesota, The Hormel Institute, Austin, Minn. 55912. tion of virulent and avirulent leptospires, and (iii) the effect of variations in fatty acid content of culture medium upon lipid composition.
MATERIALS AND METHODS
Media and cultural procedures. Leptospires were maintained in a Tween 80-albumin medium (8) with incubation at 30 C. The medium used in these studies was prepared in the following manner. Separate stock solutions were made in distilled water (g/100 ml) of NH4Cl, 25.0; ZnSO4-7H20, 0.4; CaCI2 2H20 and MgCl2-6H20, 1.0 each; FeSO4 7H20, 0.5; CuSO4-5H20, 0.3; glycerol, 10.0; thiamine HCl, 0.5; and vitamin B12, 0.02. The basal medium consisted of Na2HPO4 (1.0 g), KH2PO4 (0.3 g), NaCl (1.0 g) and NH4Cl, thiamine, and glycerol stock solutions (1 ml each) in 997 ml of distilled water, adjusted to pH 7.4 and sterilized at 121 C for 20 min.
To remove lipids, one part of the bovine albumin, All fatty acids were purchased from the Lipids Preparation Laboratory, The Hormel Institute (Austin, Minn.). The sodium salts of unsaturated fatty acids were prepared as previously described (7) . These salts were added aseptically to the sterile test medium. Equal molar concentrations of saturated fatty acids and NaOH were dissolved in ethanol and added to a culture flask which was heated at 100 C until the ethanol had evaporated. The basal medium was added to culture flask and sterilized at 121 C. The albumin supplement was added to this medium when it was still hot (50 to 60 C) to facilitate the binding of the fatty acid to the albumin.
Cells were cultivated in 2,800-ml flasks, which contained a liter of the albumin medium, for 4 to 6 days at 30 C without shaking, unless otherwise stated. Methyl esters of the fatty acids were made by transesterification of the lipids with 5%' HCl-methanol at 100 C for 1 hr. An equal volume of water was added, and the esters were extracted with hexane.
The methyl esters were analyzed by gas-liquid chromatography (GLC). The analyses were performed on a Packard model 810 gas chromatograph (Packard Instrument Co., Inc., Downers Grove, Ill.) with glass columns (6 ft by 0.25 inch) containing 15% EGS on Gas Chrom P, 80-100 mesh (Applied Science Laboratory, College Park, Pa.) and operated at 180 C. Identification of the methyl esters was based on retention values as compared to standard esters (2) . Unsaturated esters were collected with preparative GLC, and their purity was checked by rechromatographing the compound. A small amount of the methyl ester was hydrogenated to confirm the chain length. Double bond positions were determined by ozonolysis and analysis of the resultant aldehydeesters on GLC (15) .
All data represent at least two independent experiments, and each analysis was run in duplicate.
RESULTS
Our initial studies were conducted with leptospires grown in media with "fatty acid-poor" bovine albumin (Pentex, Kankakee, Illinois). This albumin could not be used as a fatty acid-binding agent because of its lipid content. Although the albumin contained only trace amounts of free acids, it did contain 2.25 mg of lipid per g of albumin. This lipid consisted primarily of phosphatidylcholine (PC) with lesser amounts of cholesterol and cholesterol esters. Some of the fatty acids present in these lipids were hexadecanoic acid (16:0), 16.4%; 9-hexadecenoic acid (9- 16:1), 2.1%; octadecanoic acid (18:0), 29.1%; 9-octadecenoic acid (9-18:1), 15%; and 9,12-octadecadienoic acid (9,12-18:2), 23.9%. Since leptospires possess esterase (4) and lipase activity (11), these fatty acids were available as growth substrates. Although the concentration of the fatty acids present in the albumin lipid could not support more than 5 (Table 2) . Also, the difference in content of 11-16:1 between these two groups of leptospires was greater when they were grown in the medium containing 18:0. Only 10 to 23% of the 16:1 of the saprophytic leptospires was the 11 isomer, whereas 87% of this isomer was found in the parasitic leptospire (Table 2 ). When the parasite was cultivated in the 16:0 medium, much less (55%) of the 16:1 was the 11 isomer, whereas the saprophyte semaranga b Designation: when two numbers are used, the first number indicates fatty acid chain length and the second number, the number of double bonds. When three numbers are used, the first number indicates position of double bond, the second, the fatty acid chain length, and the third number, the number of double bonds.
showed an increase in the 11 isomer. The other saprophyte, patoc, synthesized approximately the same proportion of the 11 isomer in both media. Another difference noted was that more of the 18:0 was converted to the 14 and 16 fatty acids by the saprophytes than the parasite (Table 2 ). These data suggest that leptospires contain an enzyme(s) which can desaturate 16:0 and 18:0 at the 9 position. However, the enzyme(s) responsible for desaturation of fatty acids at the 11 position acts on 16:0 but not on 18:0 ( Table 2) .
Effect of odd chain fatty acids on fatty acid composition. To determine the fatty acid chain length requirements of desaturating enzymes, semaranga was cultivated in media containing 15:0, 17:0, and 19:0 fatty acids, and the structures of the resulting unsaturated fatty acids of PE were determined (Table 3 ). Both All the leptospires studied in this investigation can desaturate fatty acids. However, for the cultivation of certain parasitic leptospires such as ballum and icterohaemorrhagiae, an unsaturated fatty acid must be supplied in the medium. Although both the parasitic and saprophytic leptospires possess the mechanism for the synthesis of the unusual positional isomer 11-16:1, a large difference in isomer content between these strains exists. This difference is most apparent when the cells are cultivated in medium containing 18:0 ( Table 2) . The parasitic and saprophytic leptospires can be readily differentiated on the basis of the ratio 11-16:1 to 9-16:1 (6.5 for the parasite and 0.3 and 0.1 for the saprophytes) by using this culture medium. The only other bacterium in which 11-16:1 was reported to be a major lipid component is Cytophaga hutchinsonii (19) . It is a minor (1 %) component of the lipids of Clostridium pasteurianum and Steptococcus hemolyticus (10, 16) . Stalheim (17) investigated the biological properties of the lipids of the leptospires and reported they were neither dermonecrotic nor lethal for mice or hamsters. Henneberry and Cox (5) recently reported that leptospires have the enzymes necessary for beta oxidation of fatty acids. Analysis of the fatty acid composition of leptospires cultivated in media containing odd carbon or unsaturated fatty acids provides further evidence for that capability (Table 3 ).
An aerobic mechanism for the formation of unsaturated fatty acids similar to that found in animal tissues is present in protozoa, primative algae, and yeasts. In addition, this mechansim is found in some bacteria, such as Bacillus megaterium, Micrococcus lysodeikticus, Corynebacterium sp., and the mycobacteria (16) . The leptospira can now be added to this list of bacteria (18) . A morphologically similar organism, Treponema zuelzereae, possesses the anaerobic pathway for unsaturated fatty acid synthesis (13).
Stern et al. (18) reported triglycerides to be a component of canicola lipid. We were unable to isolate triglycerides from any of the leptospires we studied.
PE is the only major phospholipid of leptospires, and the fatty acid content of the cells can readily be changed by the fatty acid composition of the medium, thereby providing a very useful model to study lipid metabolism in a biological system. These data have taxonomic implications in the differentiation of leptospires.
